Introduction
Polo-like kinases are a conserved subfamily of serine/ threonine protein kinases that play pivotal roles during the cell cycle and proliferation. In addition to the N-terminal kinase domain, they are characterized by the presence of the polo-box domain (PBD) in the noncatalytic C-terminal region. In mammalian cells, four Plks (Plk1-Plk4) exist, but their expression patterns and functions appear to be distinct from each other (Winkles and Alberts, 2005) . Among these, Plk1 has been the focus of extensive studies because of its association with neoplastic transformation of human cells. Studies show that Plk1 plays a critical role in various aspects of mitotic events such as centrosome maturation, mitotic spindle assembly, mitotic entry and exit, and cytokinesis (Barr et al., 2004) . Consistent with the multiple roles of Plk1 for proper mitotic progression, downregulation of Plk1 activity (Liu and Erikson, 2003; Sumara et al., 2004) results in mitotic arrest that ultimately leads to apoptotic cell death in cultured mammalian cells.
Plk1 localizes to the centrosomes, kinetochores, and midbody in a manner that requires the function of the PBD (Jang et al., 2002; Seong et al., 2002) , suggesting that the PBD interacts with multiple components distinctly localized at these sites. However, the mechanism underlying recruitment of Plk1 to these structures remains largely elusive, probably because Plk1 interacts with multiple targets that are temporally and spatially regulated. Recent studies showed that the PBD binds specifically to phospho-serine/threonine-containing peptides (Cheng et al., 2003; Elia et al., 2003) , suggesting that the generation of a phosphoepitope on a protein is a critical step to promote the subsequent PBD binding. This finding further implies that priming phosphorylations on substrates or docking proteins are commonly required to target Plk1 in proximity with its substrates.
Although a number of targets important for Plk1 association with centrosomes and midbody have been identified (Lowery et al., 2005) , the mechanism underlying how Plk1 is recruited to the kinetochores is largely unknown. Recent studies show that the inner-kinetochore component INCENP and the spindle checkpoint protein Bub1 are phosphorylated by Cdc2 and these phosphorylated proteins are critical for recruiting Plk1 to the mitotic kinetochores (Goto et al., 2006; Qi et al., 2006) . However, since Plk1 is expressed in late S or early G2 and localizes to the interphase centromeres as it is expressed, these findings fail to address how Plk1 is initially recruited to interphase centromeres. Here, we report the isolation of a PBD-binding protein, PBIP1 that appears to function as a scaffold for proper recruitment of Plk1 to the interphase and mitotic kinetochores. Our results suggest that Plk1 self-regulates the timing of its recruitment to and dissociation from the PBIP1 scaffold by phosphorylating PBIP1 at T78. We further show that PBIP1-dependent Plk1 localization to the kinetochores is critical for coordinating chromosome congression with spindle checkpoint signaling. Failure in this process leads to improper chromosome segregation and aneuploidy.
Results

PBIP1 Interacts and Colocalizes with Plk1 through the PBD
To identify additional Plk1 substrates, we carried out a yeast two-hybrid screen using a kinase-inactive Plk1 as bait. Clone 17, one of the clones isolated from the screen, exhibited a PBD-dependent interaction with Plk1 (see Figure S1 in the Supplemental Data available with this article online). Because of its specific interaction with the PBD and the PBD-dependent physiological functions described below, we named clone 17-encoded protein PBIP1 (for polo-box-interacting protein 1). Sequence analysis and database search showed that PBIP1 encodes a protein of 418 amino acids that was recently identified as KLIP1 or MLF1IP based on its ability to interact with latent nuclear antigen (LNA) of Kaposi's sarcoma-associated herpes virus (KSHV) (Pan et al., 2003) or with MDS/myeloid leukemia factor 1 (MLF1) (Hanissian et al., 2004) . PBIP1 is also homologous to a recently described chicken centromere component, CENP-50 (an apparent homolog of human PBIP1 with 34% identity and 51% similarity at the amino acid level), that appears to play a role in proper chromosome segregation and mitotic progression in chicken DT40 cells (Minoshima et al., 2005) . KLIP1/MLF1IP/ CENP-50/PBIP1 (PBIP1 hereafter) was shown to be a nuclear protein whose deregulation appears to be involved in many types of malignancies (Hanissian et al., 2005) . However, the physiological function of PBIP1 remains largely elusive.
To investigate whether PBIP1 physically interacts with Plk1 in vivo, we carried out coimmunoprecipitation experiments. Immunoprecipitation of PBIP1 from asynchronously growing or transfected HeLa cells coprecipitated Plk1 ( Figures 1A and 1B) . Immunoprecipitated endogenous PBIP1 migrated in several distinct species ( Figure 1A , bottom panel), suggestive of multiple layers of posttranslational modification in vivo. Similarly, cells transfected with the untagged PBIP1 also displayed three tiers of PBIP1 (arrows in Figures 1A and 1B, bottom panels; transfected PBIP1 failed to exhibit as many tiers of modification as the endogenous PBIP1, perhaps due to overexpression).
We next examined whether PBIP1 colocalizes with Plk1 during the cell cycle. Immunostaining analyses revealed that PBIP1 localized to both the interphase and mitotic kinetochores ( Figure 1C ) and colocalized with Plk1 at the interzone between the inner and the outer kinetochore plates ( Figure S2 ). PBIP1 signals were manifest in interphase cells with no detectable Plk1 signals (marked ''S'') and colocalized with Plk1 in late interphase (marked ''G2'') ( Figure 1C ), indicating that PBIP1 localization to the kinetochores precedes that of Plk1. Plk1 signals progressively increased and became most prominent at prometaphase kinetochores, whereas PBIP1 signals precipitously diminished as cells proceeded through mitosis and remained at a low level in late mitosis ( Figure 1C ). These observations suggest that the level of PBIP1 localized at the kinetochores inversely correlates with that of Plk1 (see Figure 5I ).
PBIP1 Is Degraded during Early Mitosis in a Plk1-Dependent Manner
To determine how PBIP1 is regulated during cell-cycle progression, we arrested the HeLa cells by double thymidine block and released them into fresh medium to monitor the levels of PBIP1 expression and modification. PBIP1 migrated as a doublet of w56 kDa and 61 kDa proteins at the G1/S boundary but was soon modified to additional tiers with an approximate difference of 5 kDa as cells proceeded through the cell cycle (Figures 2A and 2B ). Treatment with l-phosphatase eliminated the slow-migrating PBIP1 forms ( Figure 2C ), suggesting that these forms were generated through multiple phosphorylation events. Interestingly, PBIP1 appeared to become drastically unstable at the 12 hr time point, when the level of Plk1 was most abundant, but gradually accumulated following Plk1 degradation in the next G1 ( Figure 2B ). The degradation of PBIP1 preceded that of cyclin B1 ( Figure 2B ), suggesting that the majority of PBIP1 is degraded prior to mitotic exit.
The inverse correlation between the PBIP1 and Plk1 levels prompted us to examine whether Plk1 contributes to PBIP1 modification and stability. HeLa cells treated with either control luciferase siRNA (si-Luc) or Plk1 siRNA (si-Plk1) were released into medium containing nocodazole to trap the cells in early mitosis. In control cells, PBIP1 was modified to multiple tiers and then degraded concomitantly with the appearance of phosphorylated Cdc25C ( Figure 2D, left) . Treatment of cells with si-Plk1 resulted in impaired Cdc25C phosphorylation and a mitotic entry delay (w3 hr delay based on the timing of the appearance of phosphorylated histone H3) ( Figure 2D ). As expected from the absence of Plk1-mediated activation of anaphase-promoting complex (APC), both cyclin A and cyclin B were more stable in si-Plk1 cells. Under these conditions, depletion of Plk1 dramatically increased the PBIP1 stability up to 24 hr after release into nocodazole ( Figure 2D ). Conversely, overexpression of wild-type Plk1, but not the kinaseinactive Plk1 (K82M), induced PBIP1 degradation (Figure 2E) . The degradation appeared to be more efficient in cells arrested with nocodazole ( Figure 2E ), suggesting that nocodazole treatment does not inhibit this event. PBIP1 was polyubiquitinated in vivo and became stabilized in the presence of a proteasome inhibitor, MG132 ( Figure S3 ), thus raising the possibility that a Plk1-dependent phosphorylation event may trigger PBIP1 ubiquitination and degradation through proteasomes.
S77 and T78 of PBIP1 Are Important for Plk1-Dependent PBIP1 Phosphorylation and Degradation To investigate whether Plk1 directly regulates PBIP1, we first examined whether Plk1 phosphorylates PBIP1 in vitro. Wild-type Plk1 phosphorylated PBIP1 efficiently, whereas the corresponding kinase-inactive form did not ( Figure S4A ). Cdc2, which frequently phosphorylates Plk1 substrates as a priming kinase, did not significantly phosphorylate PBIP1 ( Figure S4 ). Thus, we determined Plk1-dependent PBIP1 phosphorylation sites in vitro using mass spectrometry and identified eight definitive and six potential sites (Table S1 ). Site-directed mutagenesis was used to introduce mutations (S-to-A or T-to-A) at 14 individual sites. Since Plk1 activity induces PBIP1 degradation, we generated single or various multiple phosphosite mutants and then tested their stability upon overexpressing Plk1. We observed that a single S77A or T78A mutant was insensitive to Plk1-induced degradation, whereas other single or multiple mutants bearing both wild-type S77 and T78 residues were not (data not shown and see Figure 3B ). Consistent with these findings, Plk1 phosphorylated wild-type PBIP1, but not the PBIP1(14A) mutant bearing alanine mutations on all 14 sites in vitro. Mutation of a single phosphosite T78 to alanine was sufficient to abolish Plk1-dependent PBIP1 phosphorylation ( Figure 3A) , whereas mutation of S77 to alanine significantly diminished it (53% of wild-type PBIP1) even though S77 is not a phosphorylation site (second mass spectrometry confirmed that T78, but not S77, is phosphorylated; Table S1). Thus, mutation of the S77 residue may impose a structural restriction and interfere with the Plk1-dependent T78 phosphorylation. As with the importance of the S77 and T78 residues, the PBIP1(12A) mutant lacking 12 other phosphorylation sites but bearing both S77 and T78 as wild-type residues was efficiently (96% of the wild-type PBIP1 level) phosphorylated by Plk1. These results suggest that T78 is the major Plk1-dependent phosphorylation site and S77 is important for the structural integrity of the T78 residue.
We then examined whether Plk1-dependent PBIP1 phosphorylation is sufficient to induce PBIP1 degradation. PBIP1 mutants lacking the S77 and/or T78 residues (PBIP1[14A], PBIP1[S77A], and PBIP1[T78A]) exhibited enhanced stability even in the presence of a high level of wild-type Plk1, whereas the wild-type and PBIP1(12A) mutant containing the S77 and T78 residues did not ( Figure 3B ). Thus, both S77 and T78 residues are critically required for Plk1-dependent PBIP1 degradation. Notably, PBIP1(S77A) displayed insensitivity to Plk1-dependent degradation, although it was partially (53%) phosphorylated by Plk1 in vitro. This observation suggests that S77 is essential for a step (such as binding, see Figure 3C ) that is obligatory for PBIP1 degradation. Mutation of T78 to either aspartic acid or glutamic acid to mimic the negatively charged phosphate group failed to enhance the Plk1-dependent PBIP1 degradation (Figure 3B ; a low level of the T78D mutant is because of inefficient transfection), hinting that a phosphorylated threonine residue is strictly required for this event.
Phosphorylation of T78 at the S77-p-T78 Motif Is Crucial for Stable Interaction between PBIP1 and the PBD of Plk1 Close inspection of the S77, T78-bearing PBIP1 sequence (see Figure 4D ) revealed that it resembles the consensus PBD-binding motif (F/P-F-T/Q/H/M-S-pT/ pS-P/X; X, any amino acid residue; F, hydrophobic residue) (Elia et al., 2003) . Thus, we investigated whether the Plk1-PBIP1 interaction requires the invariable serine at the pT/pS-1 position and the T78 residue in PBIP1. Immunoprecipitation of wild-type PBIP1 efficiently coprecipitated Plk1, whereas immunoprecipitation of PBIP1 mutants lacking at least one of the S77 and T78 residues (14A, S77A, T78A, T78D, and T78E) did not ( Figure 3C ). This suggests that both S77 and T78 are essentially required for the interaction. Reassuringly, PBIP1(12A) bearing the wild-type S77 and T78 residues coprecipitated Plk1 as efficiently as the wild-type PBIP1. These findings showed a tight correlation between Plk1-PBIP1 binding and Plk1-dependent PBIP1 degradation, implying that PBD-dependent PBIP1 interaction is a prerequisite step for Plk1-dependent PBIP1 degradation.
Next, we investigated whether the kinase activity of Plk1 (which phosphorylates T78 of PBIP1 in vitro) is required for the Plk1-PBIP1 interaction in vivo. Expression of wild-type Plk1, but not the kinase-inactive form, induced a slow-migrating (likely phosphorylated) PBIP1 form that was detectable after a prolonged migration (arrows in Figure 3D ). Precipitation of wild-type Plk1 coprecipitated only the slow-migrating PBIP1, suggesting that Plk1 interacts with the phosphorylated form of PBIP1. Notably, precipitation of the kinase-inactive Plk1 weakly coprecipitated the fast-migrating PBIP1 form ( Figure 3D , barbed arrows in the long exposure), implying the existence of a low level of p-T78-independent interaction between these two proteins. Expression of wild-type Plk1 greatly enhanced T78 phosphorylation in both wild-type and PBIP1(12A) mutant (a low level of p-T78 epitope detected without Plk1 transfection could be due to endogenous Plk1 activity), but failed to generate p-T78 epitope in the PBIP1 mutants lacking T78 ( Figure 3E ). Taken together, our results suggest that Plk1 phosphorylates T78 of PBIP1 in vivo and this step is critical for efficient Plk1-PBIP1 interaction.
To examine the timing of appearance of p-T78 PBIP1 during the cell cycle, PBIP1 RNAi (si-PBIP1) cells expressing various PBIP1 forms (see Figure 5 for the generation of these cell lines) were analyzed after release into medium containing nocodazole (nocodazole trap increased the p-T78 signals). In both wild-type and (E) Cells were coinfected with the indicated adenoviruses expressing Plk1 or PBIP1. Samples were blotted with anti-p-T78 antibody, deprobed, and then reblotted with anti-GFP antibody. (F) Cells were harvested after G1/S release into nocodazole-containing medium. The a-p-T78 membranes were stripped and reblotted with anti-PBIP1 antibody (right, 9.5 hr samples). Arrows, the most modified form; barbed arrows, the least modified form. (G) Cells expressing PBIP1(12A) were treated with control or Plk1 siRNA as in Figure 2D . Arrows, the position of the p-T78 PBIP1 form; asterisks, crossreacting bands. PBIP1(12A) cells, p-T78 PBIP1 (arrows) was detected as early as 8 hr after release ( Figure 3F ) and comigrated with the slowest form (compare with the right panel for total PBIP1). PBIP1(T78A) mutant did not exhibit any detectable p-T78 signals, although the least modified PBIP1 (barbed arrows) was detected as background ( Figure 3F ). Consistent with the Plk1-dependent p-T78 epitope generation in Figure 3E , silencing of Plk1 greatly diminished the level of the p-T78 PBIP1 form ( Figure 3G ).
Plk1 Is the Major p-T78 Epitope-Binding Protein in HeLa Cells
To directly test whether Plk1 binds to the p-T78 epitope of PBIP1, immobilized T78-bearing peptides were mixed with mitotic lysates to precipitate the interacting proteins. Silver staining revealed that p-T78 peptides, but not the corresponding nonphospho forms, precipitated Plk1 ( Figure 4A ). No other protein was detectably precipitated in a p-T78-dependent manner, suggesting that Plk1 is the major p-T78-binding protein in mitotic HeLa lysates. Attesting to its specificity, p-T78-bearing peptides efficiently precipitated Plk1, but not Plk2 or Plk3 ( Figure 4B ). As expected if the phospho-threonine residue were required for the interaction, the p-T78 peptide precipitated GST-PBD, but not the corresponding phosphate pincer (H538, K540) mutant (Elia et al., 2003) (Figure 4C ). The T78-bearing region is highly conserved among various PBIP1 orthologs ( Figure 4D ).
To assess the binding affinity of p-T78 peptide to the PBD, we performed comparative pull-down assays with a phosphopeptide derived from the recently identified PBD-binding motif in human INCENP ( Figure 4D ). The p-T78-bearing peptide precipitated Plk1 from HeLa lysates more effectively than the phospho-INCENP peptide ( Figure 4E ), suggesting that p-T78 PBIP1 has a high affinity for Plk1 PBD. additional components important for targeting Plk1 to the kinetochores.
The S77-, T78-Dependent PBIP1-Plk1 Interaction Is Sufficient to Target Plk1 to the Kinetochores Since localization of PBIP1 to the kinetochores precedes that of Plk1 and since PBIP1 interacts with Plk1 tightly, we examined whether PBIP1 is required for proper Plk1 localization to the kinetochores. To this end, we used a lentiviral system to express either control siLuciferase (si-Luc) or si-PBIP1 (si-119 or si-129). Infection of HeLa cells with si-PBIP1 virus effectively silenced the PBIP1 expression without altering the levels of Plk1 and checkpoint proteins Mad1 and Mad2 ( Figure 5A ). Remarkably, silencing of PBIP1 abolished Plk1 localization at the interphase centromeres and greatly weakened it at the mitotic kinetochores ( Figure 5B )-the level of Plk1 fluorescence intensities at the prometaphase kinetochores varied from w5% to 50% of the control cells. In contrast, these cells displayed normal levels of Plk1 localization to the centrosomes and the spindle midzone ( Figure 5B ). Localization of CREST antigens to the kinetochores appeared to be unaltered in si-PBIP1 cells ( Figure S6 ), suggesting that silencing of PBIP1 does not influence the kinetochore structure/integrity.
To investigate whether the S77-T78 motif of PBIP1 is required for Plk1 localization to the kinetochores, HeLa cells expressing control vector, wild-type, or PBIP1 mutants (constructs were generated in an untagged PBIP1-sil mutant insensitive to si-PBIP1) were infected with either si-Luc or si-PBIP1 virus. Silencing of PBIP1 efficiently depleted endogenous PBIP1, but not the exogenously expressed PBIP1 ( Figure 5C ; note that wild-type PBIP1 exhibited fully modified species, whereas phosphosite mutants displayed impaired modifications). Cells expressing either control vector, PBIP1(14A), or PBIP1(T78A) failed to retain Plk1 at the kinetochores. In stark contrast, expression of either wild-type or PBIP1(12A) bearing the S77 and T78 residues prevented Plk1 delocalization from both interphase and mitotic kinetochores ( Figures 5D and 5E ), even though the levels of their signals at the kinetochores were significantly lower than those of PBIP1(14A) and PBIP1(T78A) ( Figure 5D ). We did not generate a PBIP1(S77A) mutant for testing, because adenovirus-expressed PBIP1(S77A) and PBIP1(T78A) acted indistinguishably, both failing to promote Plk1 localization ( Figure S7 ). Experiments designed to rescue Plk1 localization by various PBIP1 forms after depleting endogenous PBIP1 confirmed that the S77-T78 motif is required for targeting Plk1 ( Figure S7 ). Interestingly, overexpression of wild-type or PBIP1(12A), but not PBIP1(14A), PBIP1(S77A), or PBIP1(T78A), induced the ectopic PBIP1-Plk1 assemblies in the nucleus ( Figure S8 ), further demonstrating a strong PBIP1-Plk1 interaction that requires the S77-T78 motif.
p-T78 PBIP1 Peaks at Prophase Kinetochores, whereas Plk1 Peaks at Prometaphase Kinetochores We then closely examined the timing of p-T78 PBIP1 appearance at the kinetochores by staining the cells with anti-p-T78 antibody. p-T78 fluorescent signals were detectable at the kinetochores as early as G2 (the same antibody also decorated centrosomes as non-PBIP1 crossreacting signals), became most abundant in prophase cells with a discernible nuclear envelope, and then gradually diminished as cells proceeded through mitosis (Figures 5F and 5I ). Either provision of the p-T78 epitope peptide or depletion of Plk1 abolished the anti-p-T78 signals ( Figures 5G and 5H ). Unlike the p-T78 PBIP1 that culminated at prophase kinetochores, Plk1 localization to the kinetochores peaked at the prometaphase ( Figure 5F ), as observed previously (Ahonen et al., 2005) . Since PBIP1 begins to degrade from early mitosis in a Plk1-dependent manner, these findings led us to speculate that a rise in the Plk1 level and activity at the prometaphase kinetochores induces PBIP1 degradation, thus liberating Plk1 itself from the p-T78 PBIP1 tether. The resulting free Plk1 population may then phosphorylate 3F3/2 and other Plk1 substrates important for normal mitotic progression ( Figure 5I ).
Requirement of p-T78-Dependent PBIP1 Function for Proper Chromosome Segregation
Silencing of PBIP1 resulted in Plk1 delocalization, chromosome missegregation, and cell death (si-119 and si-129 cells behaved similarly, and therefore only si-119 was used hereafter). Thus, we investigated whether these defects are attributable to the lack of PBIP1-dependent Plk1 recruitment to the kinetochores. si-PBIP1 cells expressing wild-type or PBIP1(12A) grew well at a rate similar to that of control si-Luc cells and did not exhibit any apparent mitotic defect ( Figures 6A and 6B ). In contrast, cells expressing control vector, PBIP1(14A), or PBIP1(T78A) grew at significantly (w20%) reduced rates and exhibited w11%-14% of misaligned chromosomes and a low level of lagging chromosomes ( Figures 6A  and 6B ). Most misaligned chromosomes in si-PBIP1 cells displayed undetectable or severely weakened kinetochore-microtubule attachment, although already congressed chromosomes in the same cell exhibited moderately weakened but cold-stable kinetochore microtubules ( Figure 6C ). MG132 treatment failed to rescue this defect ( Figure S9 ), suggesting that chromosome congression defects in these cells were of a prolonged nature that could not be rescued by delaying anaphase onset. To determine if the kinetochores in si-PBIP1 cells were stretched as a result of mechanical tension across sister kinetochores, interkinetochore distance was measured using cells costained with anti-centromere antibody (ACA) and Hec1 antibodies (data not shown). Control si-Luc cells exhibited a distance of 1.40 6 0.17 mm between the Hec1 signal pairs connected with ACA signals, whereas si-PBIP1 cells with congressed chromosomes displayed a moderately diminished distance of 1.17 6 0.11 mm. Under the same conditions, si-PBIP1 cells with misaligned chromosomes showed an interkinetochore distance of 0.53 6 0.17 mm, which is even shorter than the distance for nocodazole-treated control cells (0.82 6 0.10 mm) that possess no tension. Thus, PBIP1-dependent Plk1 localization is important for both proper kinetochore-microtubule attachment and tension generation, and a failure in this process results in chromosome congression defect. Probably as a consequence of this defect, si-PBIP1 cells expressing vector, PBIP1(14A), or PBIP1(T78A) exhibited significant levels of micronucleated and apoptotic DNA morphologies ( Figure 6D ), which could explain the slow growth rates of these mutants. 
p-T78-Dependent Plk1 Recruitment Is Important for Activation of Spindle Assembly Checkpoint
Although loss of T78-dependent PBIP1 function resulted in a chromosome congression defect, it failed to induce a significant level of mitotic arrest (see Figure S13) . These results raise the possibility that spindle assembly checkpoint may be compromised in these cells. Recent studies showed that, in response to the lack of tension across sister kinetochores, Plk1 and its Xenopus homolog Plx1 generate the tension-sensing 3F3/2 phosphoepitope at the kinetochores (Ahonen et al., 2005; Wong and Fang, 2005) . In line with these findings, silencing of PBIP1 greatly decreased 3F3/2 signals at prometaphase kinetochores ( Figure 6E ), whereas expression of PBIP1 restored both Plk1 and 3F3/2 signals at the kinetochores ( Figure S10 ).
si-PBIP1 cells exhibited a significant level of unattached kinetochores and also displayed weakened tension, which in turn undermines stable microtubule-kinetochore interactions. Unlike the previous observation that Mad2 localizes to unattached kinetochores or kinetochores with weakened microtubule attachment (Chen et al., 1996; Waters et al., 1998) , si-PBIP1 cells exhibited a significantly impaired Mad2 localization to the kinetochores ( Figure 6F and Figure S11 ). Strikingly, Mad2 signals were not detectable at the kinetochores of misaligned chromosomes ( Figure 6F, arrows) . As if PBIP1-dependent Plk1 were critical for Mad2 recruitment, the levels of Mad2 signal intensities at the individual kinetochores closely paralleled those of Plk1 intensities ( Figure 6F , bottom panel). Consistent with these observations, si-PBIP1 cells expressing wild-type or PBIP1(12A), but not control vector, PBIP1(14A), or PBIP1(T78A), efficiently recruited Mad2 to the kinetochores ( Figure S11 ). Mad1 localization, which is required for Mad2 binding to the kinetochores, was also severely impaired in si-PBIP1 cells ( Figure S12 ). Since Mad2 can be dislodged from the kinetochores by interactions with spindle microtubules, we re-examined the Mad2 localization under nocodazole-treated conditions. Similar to Figure 6F , T78-dependent PBIP1 function was required for both Plk1 and Mad2 localization to the kinetochores ( Figure 6G , left), although its effect was less dramatic than that in the absence of nocodazole ( Figure S11 ). Quantitative measurement of the Plk1 and Mad2 fluorescence intensities at individual kinetochores further confirmed a tight correlation between the level of Plk1 localization and the degree of Mad2 recruitment to the same kinetochores ( Figure 6G, right) .
Diminished levels of 3F3/2 and Mad2 signals in si-PBIP1 cells prompted us to examine whether a failure in recruiting Plk1 to the kinetochores leads to a spindle checkpoint defect. To this end, si-PBIP1 cells expressing various PBIP1 forms were examined for their ability to bypass a spindle checkpoint imposed by 200 ng/ml of nocodazole. Most of both wild-type and PBIP1 mutant cells remained rounded up until 24 hr after release into nocodazole (data not shown), implying that the spindle checkpoint was properly activated in all of these cells. However, coincidental with the decreased levels of 3F3/2 and Mad2 signals, si-PBIP1 cells expressing either control vector, PBIP1(14A), or PBIP1(T78A), but not wild-type or PBIP1(12A), generated a modest level of 8N population at 48 hr and 66 hr time points ( Figure 6H ). All the cells proceeded through the cell cycle at similar rates ( Figure S13 ), suggesting that the generation of 8N population is not the result of an altered cell cycle. A large fraction of both wild-type and PBIP1(12A) cells remained rounded up until 2.5 days after release into nocodazole, whereas control vector, PBIP1(14A), and PBIP1(T78A) cells all exhibited a significant fraction of interphase cells ( Figure 6I ). Thus, absence of PBIP1-dependent Plk1 localization to the kinetochores leads to a long-term checkpoint bypass. As a consequence of chromosome congression defect and weakened spindle checkpoint, silencing of PBIP1 in HCT 116 cells increased aneuploidy from 22% to 44% ( Figure 6J ).
We then examined whether PBIP1-dependent Plk1 localization alters recruitment of other checkpoint components critical for Mad1 and Mad2 localization, or vice versa. A body of evidence suggests that silencing of any one of Hec1, Mps1, Bub1, and ZW10 proteins influences Mad2 localization to the kinetochores (Karess, 2005) . We found that silencing of any of the three components (Hec1, Mps1, and Bub1), but not ZW10, delocalized Plk1 as well as Mad1 and Mad2 ( Figure 7A and Figure S14 ). Silencing of Plk1 diminished the levels of Mad1 and Mad2 localization as previously reported (Ahonen et al., 2005) but did not alter the localization of the three components ( Figure 7A ). In addition, depletion of PBIP1 dislodged Plk1, Mad1, and Mad2 without altering the localization of the three components to the kinetochores ( Figure 7A ). These observations suggest that the PBIP1-Plk1 module functions downstream of Hec1, Mps1, and Bub1 and plays a crucial role in recruiting the Mad1-Mad2 complex to the kinetochores ( Figure 7B ). Interestingly, silencing of Mps1 moderately delocalized PBIP1 and Plk1, while silencing of Bub1 delocalized Plk1 efficiently, but not PBIP1 ( Figure 7A ), suggesting that regulatory hierarchies involving PBIP1 and Plk1 are likely complex. Discussion PBIP1: A Temporary Plk1 Scaffold that Promotes Both the Recruitment and the Delivery of Plk1 to Other Kinetochore Components Our data showed that PBIP1 is not only crucial for Plk1 recruitment to the interphase centromeres but is (C-E) Cells expressing various PBIP1 forms were infected with either si-Luc or si-PBIP1. The resulting cells were harvested for immunoblotting followed by CBB staining (C). Cells were immunostained (D), and then quantified after grouping them into early prometaphase (up to the ''butterfly'' shape chromosome morphology; see Figure 6F , si-Luc cell) or late prometaphase (E). Interphase (>500) and mitotic (>200) cells were counted in each of three independent experiments. Arrows in (D), centrosomes; bars in (E), standard deviation. (F and G) Cells were stained with anti-p-T78 antibody preincubated with either nonphospho-T78 peptide (F) or the corresponding p-T78 peptide (p-Pep) (G). Arrows, centrosomes. additionally important for proper Plk1 localization to the mitotic kinetochores. Previous studies suggested that INCENP and Bub1 play important roles in targeting Plk1 to the mitotic kinetochores (Goto et al., 2006; Qi et al., 2006) . Interestingly, depletion of INCENP or Bub1 failed to alter Plk1 localization to the interphase centromeres (data not shown), arguing that these proteins do not contribute to the initial recruitment of Plk1 to the interphase centromeres. Since Plk1 induces PBIP1 degradation in early mitosis and Plk1 abundantly Figure 5C were split, and the numbers were counted in three independent experiments. Bars, standard deviation. (B) si-PBIP1 cells stained in Figure 5B were examined (top). Arrows, misaligned and lagging chromosomes. Barbed arrows, centrosomal Plk1. Cells in (A) were stained with DAPI for quantification (>300 mitotic cells in each of three independent experiments) (bottom). Bars, standard deviation. (C) Cells were cold treated for 10 min before costaining with antibodies against a-tubulin and Bub1 (to mark the kinetochores). Arrows, misaligned chromosomes with undetectable kinetochore-microtubule attachment. (D) Cells with micronucleation (right, top; an arrowed bracket) or apoptotic DNA morphologies (right, bottom) were quantified (>1000 cells in each of three independent experiments) using the samples prepared similarly to those in (B). DAPI is pseudocolored (red). (E and F) Control cells or si-PBIP1 cells were costained with the indicated antibodies. Barbed arrows, centrosomal Plk1; arrows in (F) (middle), misaligned chromosomes without detectable Mad2; arrowed bracket in (F) (bottom), a gradient of Plk1 and Mad2 signal intensities on a single projected image. (C) A model illustrating the self-regulatory mechanism of PBIP1-dependent Plk1 localization and the role of Plk1 in spindle assembly checkpoint. Early in the cell cycle, PBIP1 accumulates at the interphase centromeres prior to Plk1 expression. PBIP1 is also phosphorylated to multiple tiers even before the appearance of Plk1. As Plk1 becomes abundant in G2, Plk1 interacts with PBIP1 and phosphorylates T78 to create a self-docking site for the PBD. This step is critical to promote its own recruitment to the kinetochores. In early mitosis, Plk1 degrades PBIP1 in a manner that is not understood at present. As the level of PBIP1 diminishes, Plk1 is liberated from the PBIP1 tether, and the resulting, free Plk1 population phosphorylates 3F3/2 and other substrates critical for proper Mad2 recruitment.
localizes to the mitotic kinetochores even after PBIP1 disappearance, the Plk1 population freed from the PBIP1-Plk1 complex may interact with INCENP and Bub1 to mediate proper mitotic progression. Thus, we propose that PBIP1 functions as a temporary scaffold that is responsible for the initial recruitment and maintenance of the kinetochore Plk1 population until its degradation permits Plk1 to interact with other kinetochore components during mitosis. The PBIP1-dependent Plk1 recruitment may serve as a mechanism of efficiently delivering Plk1 to other kinetochore components, whose interactions with Plk1 are important for proper mitotic progression.
The Mechanism of PBIP1-Dependent Plk1
Recruitment to the Kinetochores We demonstrated that recruitment of Plk1 to the kinetochores requires both the localized PBIP1 scaffold and the S77-T78 motif-dependent PBIP1-PBD interaction ( Figure 7C ). Although how PBIP1 localizes to the kinetochores is not known, the mechanism of how Plk1 is recruited to the PBIP1 scaffold is beginning to emerge. Various studies show that Cdc2 frequently phosphorylates and generates a PBD-binding motif (Lowery et al., 2005) . However, we observed that Plk1 efficiently phosphorylates PBIP1 at T78 and binds to the resulting S77-p-T78 motif through the PBD ( Figure 7C ). These findings are consistent with the model that Plk1 generates a selfdocking site on PBIP1 to promote its own recruitment to the kinetochores, although the existence of another priming kinase cannot be completely ruled out. Intriguingly, we found that p-T78-bearing peptides specifically interacted with Plk1, but not Plk2 or Plk3, suggesting that each PBD has a distinct structural requirement that renders specific interaction with its own binding targets.
The self-priming model for the Plk1-PBIP1 interaction predicts that Plk1 should be able to bind to PBIP1 prior to phosphorylating PBIP1 at T78. In fact, PBIP1 was originally isolated as a yeast two-hybrid interacting protein with the kinase-inactive Plk1 and was coimmunoprecipitated, albeit at a reduced level, with the latter ( Figure 3D ). Interestingly, PBIP1 was efficiently phosphorylated to multiple tiers even in the absence of Plk1, and only the slowest migrating form of PBIP1 appeared to be phosphorylated at T78 in a Plk1-dependent manner. These observations suggest that early PBIP1 phosphorylations may be important for a low-affinity PBIP1-Plk1 interaction that facilitates subsequent Plk1-dependent T78 phosphorylation. Identification of the early PBIP1 kinase or kinases and determination of their phosphorylation sites on PBIP1 will be required to assess the physiological significance of the early phosphorylation events.
A high affinity between p-T78 PBIP1 and Plk1 led us to hypothesize that a continued PBIP1-Plk1 interaction may restrain Plk1 from interacting with other Plk1-binding proteins and substrates at or around the kinetochores. This view further suggests that the PBIP1-Plk1 module should be disbanded in a temporally regulated manner. Interestingly, PBIP1 is precipitously degraded during early mitosis in a Plk1-dependent fashion. Since the S77-T78 motif is central for PBD binding and is required for proper PBIP1 degradation, the Plk1-PBIP1 interaction is likely a prerequisite step for PBIP1 degradation. This view implies that Plk1-dependent PBIP1 phosphorylation not only promotes its own recruitment to the kinetochores but also triggers its own liberation from the PBIP1 scaffold. How Plk1 self-regulates these seemingly paradoxical events at distinct stages of the cell cycle remains to be further investigated. One possibility is that each event requires different levels of Plk1 activity. Perhaps, following its activation at the onset of mitosis, Plk1-dependent phosphorylation at yetunidentified PBIP1 residues recruits factors important for PBIP1 degradation. Temporal regulation of these additional steps is likely vital to prevent untimely degradation of PBIP1 and thereby improper recruitment and delivery of Plk1 to other kinetochore components.
Absence of p-T78-Dependent Plk1 Localization to the Kinetochores Results in Chromosome Congression Defect and Compromised Spindle Assembly Checkpoint Our results demonstrate that PBIP1 is critically required for efficiently amassing the Plk1 population to the mitotic kinetochores. Inspection of cells lacking T78-dependent PBIP1 function revealed that the levels of impaired Plk1 recruitment tightly correlated with the degrees of defects in kinetochore-microtubule attachment and tension generation, thus yielding a significant level of misaligned chromosomes. However, the misaligned chromosomes in si-PBIP1 cells are distinct from the prematurely separated, missegregating chromosomes observed in Sgo1 RNAi cells, because of the following reasons. First, silencing of PBIP1, which delocalizes Plk1 from the kinetochores, did not impair Sgo1 localization to the kinetochores ( Figure S15A ). Second, unlike Sgo1 RNAi cells, depletion of PBIP1 did not induce premature separation of sister chromatids (n = 0/375) ( Figure S15B ).
Even in the presence of chromosome congression defect, however, si-PBIP1 cells failed to induce a significant level of spindle checkpoint-dependent mitotic arrest. Similar to the previous observation in chicken CENP-50-deficient cells (Minoshima et al., 2005) , live cell imaging revealed that a fraction of si-PBIP1 cells proceeded through anaphase in the presence of misaligned chromosomes, although some cells also exhibited a prolonged mitotic delay followed by apoptotic cell death ( Figure S16 ). These observations suggest that spindle checkpoint pathway is compromised in these cells. Consistent with this view, we found that impaired Plk1 localization to the kinetochores leads to a longterm checkpoint bypass owing to impaired 3F3/2-and Mad2-dependent spindle checkpoint signaling. Thus, we propose that PBIP1-dependent Plk1 recruitment is a crucial event that promotes kinetochore-microtubule attachment and chromosome congression while preventing unscheduled anaphase onset by activating the spindle checkpoint. Once stable kinetochore-microtubule interactions are achieved on all sister kinetochores, the checkpoint is abrogated to permit passage into anaphase.
The argument that Plk1 localization to the kinetochores is important for spindle checkpoint signaling seems at first glance contradictory to previous observations that silencing of Plk1 induces a spindle checkpoint-dependent mitotic arrest (Ahonen et al., 2005; Sumara et al., 2004) . In addition, our attempt to examine a long-term effect of si-Plk1 failed because si-Plk1 cells were not viable w40 hr after Plk1 depletion (data not shown and G.J. Gorbsky, personal communication). It should be noted, however, that PBIP1 mutants defective in Plk1 recruitment delocalize Plk1 only from the kinetochores and contain normal levels of nuclear and centrosomal Plk1 populations. In contrast, si-Plk1 cells are depleted of Plk1 from all subcellular locations and are faulty in various biochemical processes including activation of APC, a key step central for spindle checkpoint bypass, thus making it difficult to compare these two conditions. Perhaps specific elimination of the Plk1 population from the kinetochores is required to assess the function of Plk1 at this site.
Including the role of Plk1 in chromosome segregation discussed in this study, Plk1 plays multiple roles during M phase progression (Barr et al., 2004) . As with its importance in cellular proliferation, Plk1 is frequently deregulated in various cancers in humans. In this regard, it is interesting to note that p-T78 peptides specifically interact with Plk1 as the major interacting protein in HeLa cells. Since Plk1 is considered an attractive target for therapeutic intervention against human cancers and since the PBD is essential for the function of Plk1, the specific interaction between Plk1 PBD and p-T78 peptides may provide a promising lead in the design of anti-Plk1 chemotherapeutic agents.
Experimental Procedures
Plasmid Construction, siRNA, Cell Culture, and Virus Generation Construction of various plasmids, siRNA sequences (Table S2) , and production of adenovirus and lentiviruses are described in Supplemental Data. Standard cell culture conditions and synchronization methods were used.
Antibody Production and Purification
Bacterially expressed GST-fused PBIP1 (aa 114-389) was purified using GSH-agarose (Amersham Biosciences) and then injected into rabbits to raise polyclonal anti-PBIP1 antisera (Animal Pharm Services, San Francisco, California). Before use, immunized sera were affinity purified using purified bacterial MBP-fused PBIP1 (aa 114-389) immobilized to Affigel-10 (Bio-Rad Laboratories, Hercules, California). Phospho-T78 antibody was generated using a synthetic peptide, C-(CH 2 ) 6 -PLHS P TAIYAD, and was then affinity purified (Rockland Immunologicals, Gilbertsville, Pennsylvania).
Immunoprecipitation, In Vitro Kinase Assays, Peptide Binding, and Immunoblotting Immunoprecipitation and kinase assays were carried out as described previously (Lee et al., 1995) . For peptide-binding assays, the indicated peptides were crosslinked to the beads and then incubated with cellular lysates at the final concentration of 40 mM. All the antibodies used in this study are listed in Table S3 . Further details are presented in Supplemental Data.
Immunofluorescence Microscopy and Quantification
Indirect immunostaining was carried out as described previously (Seong et al., 2002) . Confocal microscopy, measurement of interkinetochore distance, and quantification of fluorescence intensities are described in detail in Supplemental Data.
Supplemental Data
Supplemental Data include sixteen figures, three tables, Supplemental Experimental Procedures, and Supplemental References and can be found with this article online at http://www.molecule. org/cgi/content/full/24/3/409/DC1/.
